Structural chirality plays an important role in solid state physics and leads to a variety of novel physics. The possibility of probing structural chirality of crystals using high harmonic generation in solids is explored in this work. Through first-principles calculations based on the time-dependent density functional theory framework, we demonstrate that evident circular dichroism effects can be induced in the high harmonic spectra from a chiral crystal -bulk tellurium. Static chiral geometric structures of the crystal lattice is shown to dominate the chiroptical response. Besides, the high harmonic spectroscopy also provides an all-optical method of probing symmetry properties and determining the orientation of the tellurium crystal.
Chirality is a property of asymmetry in matter which can exist at every length scale and play an important role in various branches of science
1 . An object is chiral if it cannot be superposed onto its mirror image, with human hands as one of the examples. The characterization of chirality has been the subject of intensive studies.
Several chiral-sensitive spectroscopy techniques utilizing interaction with circularly polarized light have been developed for discrimination of chiral molecules. For instance, circular dichroism (CD) of photoabsorption spectroscopy in the condensed phase 2 and photoelectron circular dichroism (PECD) in the gas phase 3, 4 are widely used for detecting chiral chemical and biological molecules. Besides, nonlinear optical processes in the perturbative regime have been explored to probe chirality in solution and on surfaces 5 . Recently, nonperturbative high harmonic generation (HHG) from chiral gas molecules has also been demonstrated to be chirality sensitive [6] [7] [8] [9] [10] , thus providing an attractive approach to detect chiral structures and resolve ultrafast chiral dynamics in the gas phase.
Chirality also plays a critical role in solid state physics.
Out of the 230 space groups for nonmagnetic materials, 65 space groups represent structurally chiral crystals 11 . Structurally chirality can lead to a variety of novel physics such as multiferroicity 12 , magnetochiral dichroism 2 , skyrmions 13 , current-induced magnetizations 14 , circular photogalvanic effect 15 , and universal topological electronic properties 16, 17 . Thus it is of great interest to detect and characterize the structural chirality embedded in crystals.
In this work, we explore the possibility of probing structural chirality of crystals using HHG in solids [18] [19] [20] . Through first-principles calculations based on the timedependent density functional theory (TDDFT) framework, we find that HHG spectral intensity can be sensitive to the chirality of crystal lattice interacting with a) ziyuch@caep.ac.cn b) qinrui.phy@outlook.com circularly polarized light. The chiroptical response is dominated by static geometric structures of the chiral lattice. In addition, the high harmonic spectroscopy also provides an optical method of probing symmetry properties and determining the orientation of the crystals.
FIG. 1. Crystal structure of bulk tellurium with space groups (a) P 3221 (#154 left-handed) and (b) P 3121 (#152 righthanded). Helical tellurium atomic chains arranged in a hexagonal array spiralling around axes parallel to the z-axis. The screw structure of the atoms along the spiral axis for each space group is in the opposite direction.
We choose a typical chiral crystal, i.e., elemental tellurium, to study the structural chirality in crystals. Tellurium has a trigonal crystal structure with three atoms in the unit cell. The unique structure consists of helical chains arranged in a hexagonal array spiralling around axes parallel to the z-axis ([0001] direction) at the corners and center of the hexagonal elementary cell, as shown in Fig. 1 . Depending on the screw direction of the helical chains, there are two enantiomorphic crystal structures with space groups P 3 2 21 (#154 left-handed) and P 3 1 21 (#152 right-handed) 21 . Each tellurium atom is covalently bonded with its two nearest neighbors on the same chain, while forms weak van der Waals-like interchain bonds with its four next nearest neighbors. Thus there exists inherent structural anisotropy in the tellurium crystal 22 . The geometric structure of tellurium crystal is relaxed by using the CASTEP package 23 within the density functional theory (DFT) framework. The ultra- soft pseudopotentials are used in the calculations, and the plane-wave cutoff energy is set to be 210 eV. The generalized gradient approximation (GGA) of the PBE form 24 is employed for the exchange-correlation functional, and van der Waals interaction correction is considered by using the Tkatchenko and Scheffler (DFT-TS) method 25 . Time evolution of the wave functions and time-dependent electronic current are studied by using the OCTOPUS package 26 , where the Kohn-Sham equations are propagated in real time and real space within the TDDFT framework in the adiabatic local density approximation (ALDA). In all the calculations, the real-space spacing is 0.4 Bohr. The fully relativistic Hartwigsen, Goedecker, and Hutter (HGH) pseudopotentials are used. A 24 × 24 × 16 Monkhorst-Pack k-point mesh is used for Brillouin zone sampling.
The laser field is described in the velocity gauge. The vector potential of the circularly polarized laser has the following form:
where I 0 = 8 × 10 11 W/cm 2 is the laser peak intensity in vacuum, ω is the laser photon frequency, φ is the carrierenvelop phase, f (t) is the pulse envelope, ǫ is the laser ellipticity, c is the light speed in vacuum,ê i andê j with (i, j) ∈ {(x, y), (x, z), (y, z)} are the unit vectors, respectively. We use Ti:sapphire laser pulses with wavelength of λ L = 800 nm, corresponding to ω = 1.55 eV. The pulse has a sin-squared envelop profile. The pulse duration is 20 fs and the carrier-envelope phase is taken to be φ = 0. Left-handed circularly polarized (LCP) and right-handed circularly polarized (RCP) laser pulses are considered in this work, corresponding to ǫ = −1 and ǫ = 1, respectively.
The HHG spectrum is calculated from the timedependent electronic current j(r, t) as:
where F T denotes the Fourier transform. The total number of excited electrons is calculated by projecting the time-dependent Kohn-Sham states onto the ground-state Kohn-Sham states. As the n-th state evolves in time, it has some possibility to transit to other states and thus contains other ground-state components. The total number of excited electrons N ex (t) is calculated as:
where N e is the total number of electrons in the system, φ n,k (t) is the time-dependent Kohn-Sham state at n-th band at k-point k, φ m,k (0) is the ground-state (t = 0) Kohn-Sham state at m-th band at k-point k, f n,k is the occupation of Kohn-Sham state at n-th band at k-point k, and BZ denotes integration over the whole Brillouin zone.
The top view (in the x-y plane) of the crystal structure of bulk tellurium with the space group P 3 1 21 (right handed) is shown in Fig. 2(a) , while the side views in the x-z and y-z planes are shown in Fig. 2(b)-2(c In the x-y plane, the crystal structure exhibits a three-fold rotational symmetry (Fig. 2(a) ). Since the circularly polarized laser field can be assumed isotropic in the x-y polarization plane, the laser-crystal interaction system thus possesses a three-fold rotational symmetry in this plane. For such a system, the harmonic order n H obeys a simple selection rule of n H = 3m ± 1 (m ∈ N), i.e., every third harmonic is suppressed [27] [28] [29] . The corresponding harmonic spectra shown in Fig. 2(d) agree well with this selection rule. In the x-z plane, the crystal structure lacks a inversion symmetry (Fig. 2(b) ). As a result, both odd and even harmonics are present in the corresponding harmonic spectra (Fig. 2(e) ). In contrast, the projected crystal structure in the y-z plane is centrosymmetric (Fig. 2(c) ). Consequently, only odd harmonics can be observed in the spectra (Fig. 2(f) ). Therefore, the feature of the present harmonic orders of the HHG spectra can be employed to determine the bulk tellurium crystal orientations.
Apart from the harmonic orders, another important characteristic of the HHG spectra shown in Figs. 2(d)-2(f) is the different harmonic-intensity response to the LCP and RCP lasers for different crystal orientations and related lattice structures. While the LCP and RCP laserdriving HHG intensity show no difference in Figs. 2(d)-2(e), appreciable CD effect over a broad range of harmonic orders can be observed in the HHG spectra shown in Fig. 2(f) . This CD effect can also be seen clearly from the time evolution of the excited electron numbers and total electronic currents. For the case of x-y plane, either the number of excited electrons or the total currents shows no difference between LCP and RCP laser pumps (Figs. 3(a) and 3(b) ). In comparison, for the case of y-z plane, the dynamics of carrier excitation to the conduction bands during the laser pulse show different responses to LCP and RCP driving lasers in both excitation amplitude and phases (Fig. 3(c) ). This means interacting with such a crystal structure (Fig. 2(c) ) lasers of opposite handedness can have different dynamic absorption and ionization probabilities. While the CD effect on the excitation response is small, a pronounced difference can be seen in the total current (Fig. 3(d) ).
The CD effect can be explained by the crystal's structural chirality-induced chiroptical response. Mathematically, a figure is said to have chirality if it cannot be mapped to its mirror image by (proper) rotations and translations alone. As a result, a chiral figure cannot posses an axis of symmetry in 2D. Based on this criterion, it is easy to see that the crystal structures in the x-y and x-z planes (Figs. 2(a)-2(b) ) are achiral, while the crystal structure in the y-z plane (Fig. 2(c) ) indeed posses chirality. As circularly polarized lasers are chiral objects exhibiting optical chirality, in their interaction with another chiral object, i.e., the chiral crystal, LCP and RCP laser-induced HHG response become distinguishable.
In the velocity gauge, the general Hamiltonian can be written asĤ = j (p j + A j ) 2 /2 + V j + W , where p j = −i∇ is the canonical momentum operator for the j-th electron, A is the (chiral) electromagnetic field vector potential, V is the (chiral) Coulomb scaler potential, and W is the interaction between electrons. In this gauge, both electric dipole and non-dipole interaction effects are accounted for the HHG. As the atoms are oriented in crystals, here electric dipole effect is expected to dominate over non-dipole effects in the chiral contribution 30, 31 . We note that spatial variation of the field is neglected in the simulations, i.e., A(r, t) → A(t), because longwavelength approximation is adopted in TDDFT calculations of periodic systems. Thus the field is spatially uniform at any time instant rather than really propagating along the wave vector direction. This means that the field vector of the circularly polarized light rotates purely in the 2D polarization plane instead of screwing in the 3D space. Consequently, the aforementioned chiroptical response is limited to this 2D effect. Nevertheless, the above results unambiguously demonstrate that 2D structural chirality can be probed using circular dichroism in HHG from solids. This implies crystal's 3D structural chirality can also be probed by this method. Thus, CD signals of HHG in tellurium crystals due to the helical lattice structure along the z-axis can be expected in real experiments. This may provide an alternative approach to identify the handedness of elemental crystals such as tellurium or selenium 32 . To further demonstrate the chiroptical response can be attributed to the structural chirality, we compute the CD signals from crystal structures of opposite handedness. Figure 4(a) shows the atomic configurations of tellurium crystal with the P 3 1 21 (right handed) and P 3 2 21 (left handed) space groups in the y-z plane. Obviously, they are non-superimposable mirror images to each other. The quantitative CD signal is defined as CD = (I R − I L )/(I R + I L ), where I R and I L denote the HHG intensity driven by the RCP and LCP lasers, respectively. The obtained CD signal for different harmonic orders is shown in Fig. 4(b) . The CD asymmetry reaches up to 50%, much larger than that in molecules 6, 8 . When the crystal structure is right-handed, more harmonic orders show stronger intensity driven by RCP lasers than by LCP lasers. Switching the handedness of the crystal reverses this effect. The CD signal shows a perfect mirroring between the two crystals of opposite handedness, proving that the chiroptical response is indeed due to the structural chirality of the tellurium crystal.
In comparison to the significant CD signals, there is only slight difference in the carrier-excitation evolution (Fig. 3(c) ), suggesting the effects induced by chiral electronic dynamics taking place during the HHG process only having minor contribution to the observed chiral signals. Instead, effects originating from the static geometric structure of the crystals dominate the chiroptical response. Figure 4(c) shows two sets of CD signal data recorded at different driving laser intensities. In contrast to previous studies on chiral HHG of gas molecules which show substantial changes of CD signals with a minor change of laser intensity 8 , here the change of laser intensity only has a small impact on the CD signals. This weak dependence of the CD signal on the driving laser intensity gives further support to the observed CD being dominated by static structural chirality of the crystals within the parameter range under investigation.
In conclusion, we demonstrate that structural chirality can be probed by circularly polarized HHG from chiral crystals through ab initio TDDFT calculations. CD effects on the HHG intensities can be used to distinguish right-from left-handed chiral crystals. Besides, the HHG spectroscopy also provides a purely optical method of probing symmetry properties and determining the orientation of the crystallographic axes of bulk tellurium. We also note that there exists different phases for 2D tellurene (atomically thin tellurium), e.g., the α-, β-, γ-, and δ-phase 33 . As the different phases of tellurene exhibit different symmetries and chirality, the circularly polarized HHG spectroscopy is also potentially useful for characterizing the phases and phase transition dynamics of this emerging 2D material 34 . This work was supported in part by the National Natural Science Foundation of China (Grant No. 11705185) and the Presidential Fund of China Academy of Engineering Physics (Grant No. YZJJLX2017002).
